Background {#Sec1}
==========

Semiconductor nanowires (NWs) have attracted great attention as building blocks for future electronic and photonic devices \[[@CR1]\]. Due to the advantages like light-trapping and light-concentrating, which can dramatically enhance the absorption of light, the ability of strain relaxation, new charge separation mechanisms, and low filling ratio, NWs have shown great potential in low-cost high-performance solar cells \[[@CR2]--[@CR6]\]. Silicon (Si) NW solar cells are particularly promising due to the low cost, abundance in nature, nontoxicity, and long-term stability and have been widely reported in recent years \[[@CR7]--[@CR10]\]. However, due to its indirect bandgap, Si has a poor absorption of light at small thicknesses, particularly in the 600--1100-nm spectral range \[[@CR11]\]. As the NW commonly has a short length of several microns, Si NW array solar cells typically have a low conversion efficiency \[[@CR7]--[@CR9]\].

An efficient way of increasing the efficiency of Si NW solar cell is to enhance its absorption in the 600--1100-nm range via introducing new structures or materials. Recently, a family of methylammonium lead halide perovskites CH~3~NH~3~PbX~3~ (*X* = I, Br, Cl) has attracted great attention for its breakthrough in low-cost high-efficiency solar cells \[[@CR12]--[@CR14]\]. The excellent properties including a direct bandgap, large absorption coefficient, long exciton diffusion length (100\~1000 nm) and lifetime, and low-cost processes make perovskite an ideal light absorber \[[@CR12], [@CR15], [@CR16]\]. The perovskite materials typically have a high and flat absorption efficiency in a wide spectrum. For example, the most popular perovskite material, CH~3~NH~3~PbI~3~, has a high photo-to-current efficiency of 75--80% across almost the entire spectrum (360--750 nm) \[[@CR17]\]. Thus, introducing perovskite into the Si NW array is expected to dramatically enhance the absorption in the visible range and increase the conversion efficiency.

In this work, we proposed a hybrid solar cell based on Si NW array/perovskite structure, which is schematically illustrated in Fig. [1](#Fig1){ref-type="fig"}a. The solar cell consists of a vertical-aligned Si axial p-i-n NW array filled with CH~3~NH~3~PbI~3~ among the intrinsic regions of NWs. CH~3~NH~3~PbI~3~ can be easily inserted into the NW array through a simple spin-coating and immersion process \[[@CR18]\]. Both the NWs and CH~3~NH~3~PbI~3~ act as light absorbers and generate electrons and holes. The bandgaps of Si NW and CH~3~NH~3~PbI~3~ are 1.1 and 1.5 eV, respectively. Due to the different absorption coefficient between Si and CH~3~NH~3~PbI~3~ at a certain wavelength, optimal absorption efficiency can be obtained via adjusting the volume ratio between NWs and perovskite. The carriers generated in the NW are directly accelerated in the built-in electric field and transported to the external circuit. According to the band alignment in Fig. [1](#Fig1){ref-type="fig"}b, Si/CH~3~NH~3~PbI~3~ forms a type-I heterostructure \[[@CR19]\]. The electrons and holes generated in the perovskite naturally fall into the NW channels and then reach the electrodes driven by the built-in electric field. Particularly, due to the long exciton diffusion length and lifetime of perovskite, most of the photo-generated carriers can diffuse to the NW and fall into the channels via optimizing the distance between NWs.Fig. 1**a** Schematic diagram of the Si NW array/perovskite hybrid solar cell. **b** Band alignment scheme for the Si/CH~3~NH~3~PbI~3~ heterostructure

Methods {#Sec2}
=======

The structural similarity without mesoporous structure and the Wannier-type exciton enable to apply an existed device simulator widely used in inorganic solar cells to the perovskite solar cells \[[@CR20]\]. Photovoltaic properties of the structure are investigated by using Sentaurus Technology Computer-Aided Design (TCAD). Before simulating the hybrid structure, a Si NW array solar cell without CH~3~NH~3~PbI~3~ is modeled. In the axial p-i-n NW, the intrinsic region is designed to be several times longer than the two doping segments to avoid the recombination losses in the top p segment and enhance the effective absorption. The p and n segments are uniformly doped to 3 × 10^18^ and 1 × 10^17^ cm^− 3^, respectively. The substrate is n-typed Si with a doping concentration of 1 × 10^17^ cm^− 3^. Optical properties of the structure are investigated by using 3D finite difference time domain (FDTD) simulations through the Sentaurus Electromagnetic Wave (EMW) Solver module package. The wavelength-dependent complex refractive index of Si NWs used in the simulations is obtained from Levinshtein's work \[[@CR21]\], while the parameters of the perovskite are obtained from other published work \[[@CR22], [@CR23]\]. Incident light is defined with power intensity and wavelength values from a discretized AM 1.5G solar spectrum. The AM 1.5G spectrum is divided into 81 discrete wavelength intervals, from 300 to 1100 nm. The corresponding unpolarized feature of sunlight is modeled by superimposing the transverse electric (TE) and transverse magnetic (TM) mode contributions. The total optical generation under AM 1.5G illumination can be modeled by superimposing the power-weighted single-wavelength optical generation rates. For the electrical modeling, the 3D optical generation profiles are incorporated into the finite-element mesh of the NWs in the electrical tool, which solves the carrier continuity equations coupled with Poisson's equation self-consistently in 3D. The doping-dependent mobility, bandgap narrowing, and radiative, Auger and Shockley-Reed-Hall (SRH) recombination are taken into consideration in the device electrical simulations. The key parameters for Si and perovskite used in the simulation are shown in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}, respectively \[[@CR14], [@CR24]\]. The performance of the Si NW array solar cell is optimized by tuning the NW diameter, length, and the D/P ratio, which is determined by the period of the square lattice (*P*) and the diameter of NW (*D*).Table 1Key material parameters for SiParametersValuesDielectric constant11.7Bandgap (eV)1.1Electron affinity (eV)4.05Minimum mobility (cm^2^/V/s)52.2 (44.9)SRH lifetime (ns)1 (1)Effective density of states (/cm^3^)2.54 × 10^19^ (2.54 × 10^19^)Surface recombination velocity (cm/s)10^3^ (10^3^) Table 2Key material parameters for perovskiteParametersValuesDielectric constant30Bandgap (eV)1.5Electron affinity (eV)3.93Electron and hole mobility (cm^2^/V/s)50, 50Acceptor concentration (cm^−3^)2.14 × 10^17^Donor concentration (cm^−3^)0Effective conduction band density (cm^−3^)2.5 × 10^20^Effective valence band density (cm^−3^)2.5 × 10^20^

Results and Discussion {#Sec3}
======================

We first consider a Si NW array solar cell without CH~3~NH~3~PbI~3~. The cell has an optimized NW diameter of 180 nm and D/P ratio of 0.6. Figure [2](#Fig2){ref-type="fig"}a shows the absorption spectra of the Si NW solar cell. It can be seen that the solar cell has a high absorption efficiency in the range of 300\~500 nm. After 500 nm, the absorption efficiency rapidly drops due to a low absorption coefficient. The inset presents the conversion efficiency of the solar cell with different NW lengths. The efficiency increases with increasing the NW length and saturates at about 9.33% when the NW length exceeds 40 μm. This can be explained by the poor light absorption ability and long carrier diffusion length of Si \[[@CR25]\]. Due to the low absorption coefficient of Si in the 600--1100-nm spectral range, the absorption of light is insufficient for short NWs. When the NW length increases, the absorption is enhanced due to an increased absorber volume. In addition, light trapping is also enhanced for longer NWs, which dramatically decreases the light transmission and increases the absorption \[[@CR2]\]. As the collection of carriers is efficient due to the long carrier diffusion length of Si, the conversion efficiency is correspondingly increased. When the NW is long enough, the incident light can be sufficiently absorbed, and the conversion efficiency gradually saturates and no longer increases with the NW length. Although the maximum efficiency of Si NW solar cell is comparable to the Si film solar cell, the material cost is much higher due to the considerable long NW length, even considering the lower filling ratio \[[@CR26]\].Fig. 2**a** Absorption spectra of the Si NW array. The *inset* shows the dependence of the conversion efficiency of the Si NW array solar cell on the NW length. **b** The transmission and reflection spectra of Si NW array and the hybrid structure. **c** The absorption spectra of Si NW array and the hybrid structure. **d**, **e** Optical generation profiles at different wavelengths for the NW array and hybrid structure, respectively

By introducing CH~3~NH~3~PbI~3~ among NWs, the optical absorption is dramatically improved, as shown in Fig. [2](#Fig2){ref-type="fig"}b, c. Benefiting from the large absorption coefficient of CH~3~NH~3~PbI~3~, the hybrid structure has a low transmission and high absorption efficiency in a broad wavelength range of 300\~800 nm. Figure [2](#Fig2){ref-type="fig"}d, e presents the optical generation profiles of the Si NW array and NW/perovskite hybrid structure at different wavelengths, respectively. For the Si NW array, the photo-generated carriers distribute over the whole structure, even in the substrate. This suggests that the incident photons are not sufficiently absorbed by the NWs with such a length. The absorption peaks at 470 nm and then gradually drops as the wavelength increases, which is in agreement with the low absorption coefficient of Si in the long wavelength range. After introducing CH~3~NH~3~PbI~3~, the optical generation profile substantially changes. An obvious improvement is that the photo-generations are accumulated near the top of the structure, suggesting that the incident photos are sufficiently absorbed by the NWs and perovskite. When the wavelength exceeds 470 nm, an obvious transfer of the photo-generations from Si NWs to the perovskite is observed. This suggests that the strong optical absorption of perovskite sufficiently compensates the poor absorption of Si NWs at longer wavelength, leading to a high absorption efficiency as shown in Fig. [2](#Fig2){ref-type="fig"}c.

Although the perovskite dramatically enhances the absorption of photons, photo-carriers generated in the perovskite cannot directly convert into current due to a lack of built-in electric field and electrodes. Alternatively, the photo-carriers in the perovskite can enter the external circuit via the Si NWs. Figure [3](#Fig3){ref-type="fig"}a presents the distribution profile of photo-carriers in the hybrid structure. We can see that most of the photo-carriers accumulate at the top of perovskite as well as the perovskite/Si interface. Due to the concentration difference, photo-carriers diffuse into the Si NWs, followed by being extracted to the electrodes by the built-in electric field in the NW, together with the photo-carriers generated in the NWs. Figure [3](#Fig3){ref-type="fig"}b presents the equilibrium band alignment of the cross section of the hybrid structure. We can see that Si and perovskite form a type-I heterostructure, in which Si acts as a well while the perovskite functions as barriers. Thus, both the photo-generated electrons and holes in the perovskite naturally fall into the NW without barriers. Due to the long exciton diffusion length (typically larger than 100 nm) and lifetime of perovskite, most of the photo-carriers in the perovskite can diffuse into the NW and contribute to the current \[[@CR15], [@CR16]\]. As Si has a much higher mobility, the recombination of electrons and holes in the NW channel are dramatically reduced in comparison with the perovskite solar cells. Moreover, due to the large surface-to-volume ratio, Si NWs typically contain high density of surface states, which enhance the nonradiative surface recombination and degrade the performance of solar cells \[[@CR7], [@CR27]\]. In the hybrid structure, the high-bandgap perovskite may act as a passivation layer, alleviating the surface state effects and enhancing the conversion efficiency of Si NWs \[[@CR28]\].Fig. 3**a** Optical generation profiles of the hybrid structure. **b** Equilibrium band alignment of the hybrid structure. **c** *I*-*V* curves of the hybrid solar cell and Si NW array solar cell under AM 1.5G illumination

Figure [3](#Fig3){ref-type="fig"}c shows the current-voltage (*I*-*V*) of the hybrid solar cell under AM 1.5G illumination. The D/P ratio, NW diameter, and NW length are optimized to be 0.3, 160 nm, and 1.6 μm, respectively. The *I*-*V* curve of the Si NW solar with same parameters is also presented for comparison. The hybrid solar cell yields a large short-circuit current density (*J* ~sc~) of 28.8 mA/cm^2^, nearly six times that of the Si NW solar cell. The extra current is attributed to the photo-carriers generated in the perovskite, as well as the reduced nonradiative surface recombination. The open-circuit voltage (*V* ~oc~) of the hybrid solar cell is 0.566 V, slightly larger than that of the Si NW solar cell, which is attributed to the improvement of short-circuit current as well as the dark current. As has been reported, *V* ~oc~ is proportional to ln(*J* ~sc~/*J* ~s~) when *J* ~sc~/*J* ~s~ \> \> 1, where *J* ~s~ is the reverse dark saturation current \[[@CR29]\]. For the hybrid structure, *J* ~sc~ is dramatically increased due to the enhanced absorption of light, while *J* ~s~ is diminished due to the reduction of surface recombination of nanowires passivated by perovskite, resulting in an increase of *V* ~oc~. The conversion efficiency (*η*) of the hybrid solar cell is calculated to be 13.3%, nearly seven times that of the Si NW solar cell, and also higher than other organic/Si NW hybrid solar cells \[[@CR30]\]. The efficiency is comparable to the best results obtained in direct-bandgap InP and GaAs NW solar cells \[[@CR2], [@CR31]\]. As the material and manufacturing cost of Si and perovskite is much lower than III--V compounds, the hybrid solar cell may be more promising in low-cost high-efficiency photovoltaic applications.

Finally, we investigate the dependence of the conversion efficiency on D/P ratio. It has been widely reported that the D/P ratio has a great influence on the absorption properties of NW array solar cells \[[@CR32]--[@CR34]\]. For the hybrid solar cell, the D/P ratio not only affects the light trapping of the Si NW array but also adjusts the proportion between Si and perovskite for better matching the solar spectra. We have calculated the conversion efficiency with the D/P ratio from 0.25 to 0.67, as shown in Fig. [4](#Fig4){ref-type="fig"}. From Fig. [4](#Fig4){ref-type="fig"}c, we can see that the device has a high efficiency around 13% in a broad D/P ratio range from 0.3 to 0.5. The low efficiency at high D/P ratio (larger than 0.6) could be mainly attributed to the reduced absorption in the range of 400\~800 nm due to the decrease of perovskite proportion, as shown in Fig. [4](#Fig4){ref-type="fig"}a. When the D/P ratio decreases to 0.25, the efficiency sharply drops to less than 1%. As the absorption spectra is similar for the D/P ratio of 0.25 and 0.3, the low efficiency at very low D/P ratio should be attributed to the enhanced recombination of electrons and holes generated in the perovskite due to the increase of diffusion distance which severely reduces the total photocurrent.Fig. 4**a** The transmission, reflection, and absorption spectra of the hybrid structure at different D/P ratios. **b** Dependence of the conversion efficiency of the hybrid solar cell on the *D*/*P* ratio

Conclusions {#Sec4}
===========

In conclusion, we have proposed a Si NW array/perovskite hybrid solar cell and simulated the photovoltaic properties by using Sentaurus TCAD. Benefiting from the large absorption coefficient of CH~3~NH~3~PbI~3~, the hybrid structure has a high absorption efficiency in a broad wavelength range of 300\~800 nm. A high *J* ~sc~ of 29.1 mA/cm^2^ and remarkable *η* of 13.3% are obtained at a thin absorber thickness of 1.6 μm, which are comparable to the best results of direct-bandgap InP and GaAs NW solar cells. Due to the low material and manufacturing cost of Si and perovskite, the hybrid structure is promising in low-cost high-efficiency solar cells.
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